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ABSTRACT
This thesis presents a theoretical and experimental study of the
significance of the combined effect of residual stresses and initial
out~of-straightness on the strength of H-shaped and rolled box-shaped
columns. The reduction in column strength due to these two factors is
determined theoretically for pinned-end idealized H-sections and for
box-shaped columns.
A description of the experimental investigation conducted on rolled
box columns made of A36 steel is included in this thesis. A comparison
between the results of the theoretical analysis and the test results is
given. The difference in column f,trength between the H-section and the
box-phaped column if, also compared theoretically.
..
1. INTRODUCTION
It is known that residual stresses and initial out-of-
straightness set up in columns due to manufacturing processes are
unavoidable. Their influence may be considerable for the axially
loaded steel column, depending on the geometry of the section, the
slenderness ratio, the pattern and magnitude of the residual stresses,
and the amount of initial out-of-straightness.
The present study was made to determine the siggificance of
the combined effect of residual stresses and initial out-oi-straight-
ness on the strength of H-shaped and rolled Box shaped columns. The
reduction in column strength due to these two factors is determined
theoretically for pinned-end idealized H-sections and for Box-shaped
columns. Equations relating load and lateral deflection are obtained
and a graphical method of solving the equations is presented.
A description of the experimental investigation conducted on
rolled box columns made of A-36 steel is presented. A comparison be-
tween the theoretical analysis and the test results is given. The
difference in column strength between the H-section and the Box-
shaped column also is presented theoretically.
-1-
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2. THEORETICAL ANALYSIS
The purpose of the theoretical analysis is to find the
theoretical expressions for the load versus deflection relations
of initially crooked columns. Particular interest is given to
the H-shaped and the Box-shaped columns. Their behavior in the
elastic, elastic-plastic and plastic regions are investigated.
Due to the difficulties in obtaining the ultimate load
of the column by directly differentiating the load versus deflec-
tion equation, the relation is separated into two equations, one
of load versus curvature and the other of curvature versus def1ec-
tion, and a graphical method is used to obtain the solution. The
graphical method will be explained in Section 2.4. By this method
the ultimate strength of a column can be determined directly from
the curvature versus deflection curves once the slenderness ratio
(L/r) and initial out-of-straightness (e) of the column are known.
A set of simplifying assumptions similar to those in the
simple elastic theory of bending is adopted here as the basis for the
theoretical ana1ysis~1,2,3)
2.1 Assumptions
The following assumptions are made in the theoretical analysis:
-2-
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(1) The stress-strain relationship for each longitudinal
fiber in the cross section is the same and is idealized
as shown in Fig. 1.
(2) The material is homogeneous.
(3) Plane cross section remains plane before and after
deformation.
(4) The residual stress distribution is assumed constant
along the length of the column.
(5) Both the cross section and the residual stress distri-
bution have axial symmetry.
(6) An idealized H-section is assumed which consists of two
thin flanges of equal area separated by a web of infinite
shear stiffness and negligible area.
(7) Both initial shape and deflection curves of the column
are assumed to be sinusoidal as shown in Fig. 2.
In the following sections> a derivation of either the two
fundamental relationships (load versus curvature and curvature versus
deflection) or the load versus deflection relationship whi~h define
the behavior of an initially crooked column is given. The following
cases are treated in detail:
(1) H-shape bent about the strong axis.
..
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(2) H-shape bent about the weak axis.
(3) The Box-shape.
A graphical method developed by the author is used to obtain
ultimate load carrying capacity of the columns.
2.2 H-shaped Columns Bent About the Strong Axis
For the H-sections a residual stress distribution which is
piecewise linear and symmetrical is assumed~3) This is shown in
Fig. 3a.
As the column goes through its deformation five states of
stress conditions may be experienced, namely
(1) Cross section is fully elastic
(2) Yielding in one flange
(3) Yielding in both flanges
(4) . One flange is totally yielded
(5) Both flanges are totally yielded.
For the column with residual stresses and initial out-of-
straightness case (5) can only happen to very short columns since
the condition of moment equilibrium must be satisfied. For usual
columns of symmetrical cross-section case (4) is the extreme stress
condition. Therefore, case (5) will not be discussed here and only
case (1) to case (4) are treated in this report.
"..
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In deriving the load versus deflection relationship the
following conditions have to be fulfilled at the mid-height of the
column:
(1) Static equilibrium of internal and external forces
and moments.
(2) Geometric compatibility of curvature and deflection.
(3) Compatibility of stress and strain.
The processes of derivation of equations are shown as follows.
2.2.1 No yielding in both flanges
At the beginning of loading, column behaves totally e1as-
tically, that is €2 <: €1 <:: €p; €1 and €2 are strains in higher and
lower compressed flanges, respectively. There is no effect of resi-
dual stresses at this stage. The column behaves as if no residual
stress existed and
(2.1)
(2.2)
•
a1 and a2 are average stresses in the higher and lower com-
pressed flanges, respectively, E is the Modulus of Elasticity. By
applying the condition of vertical force equilibrium(2)
or
(2.3)
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where A is the total area of an idealized H-shaped column, P is the
total force applied and cr is the average stress in the cross-section.
By the condition of moment equilibrium:
or
A d
2 cr1 • 2
A d
2 cr2· '2 = Pu :: cr A u
(2.4)
d is the depth, u and f are the dimensional and non-dimensional total
lateral. deflections of the column at mid-height of the column, respec-
tive1y. Solving Eqs. (2.3) and (2.4)
..
0'1 = cr (1 + 2f)
and
cr2 = cr (1 - 2f)
(2.5)
(2.6)
The relationship between curvature 0 and deflection y is(2)
0--
Yo is the initial deflection. at mid-height of column.
L
x = 2
Referring to Fig. 2, by the assumption of sinusoidal curve for def1ec-
tion shape
•
E: 1 - €2
d
(u sin 11' x
L L
x = 2
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Thus, the mid-height strains and deflections are related in the
following manner.
(2.7)
(2.8)
e (or u /d) is the dimensionless initial deflection of column at mid-
o
height before loading.
By substituting Eqs. (2.5) and (2.6) into Eqs. (2.1) and
(2.2), al and a2 can be eliminated, and
E~1 = a (1 + 2f)
EE2 a (1 - 2£)
Substituting into Eq. (2.8), the stress versus curvature relation
can be gotten as
E0£ d = 4 af = 4!1C (f - e)
(L/r)2
or IT 2E
-!L = e (2.9)
ay (L/r)2 a (1 - f )y
-8
If the ultimate load is obtained during this case
(f f
= a f =~
Thus
oult
6 y
=
or P
ult
This is the same as Euler's load. (11)
2.2.2 Yielding only in one flange
For the case when the average stress in the higher compressed
flange is beyond the proportional limit stress and the average stress
in the lower compressed flange is still within the proportional limit
stress) Eq. (2.9) is not applicable any more. A new equation must be
derived. Referring to Fig. 3) the higher stressed flange of the
idealized section is ass~~ed to carry a load Pl which is a function of
strain f 1 and a linear residual stress pattern.
or
(2.10)
\}lis the rate of residual stress variation. Solving Eq. (2.10») the
stress-strain relation for the higher compressed flange is obtained
as: (3)
.i
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For the lower compressed flange
By the same process as shown in subsection 2.2.1 and simplifying~
the following stress versus deflection equation can be obtained.
~
.:£.!L (f - e)
=8 (~)2 (2·11)
However) it is very tedious to get the ultimate load by directly dif-
ferentiating Eq. (2.ll-). Equation (2. U) is separated into two equa-
tions of stress versus curvature and deflection versus curvature rela-
tions. These are
:::
and
(2.12.)
(2.. 13)
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A graphical method which will be described later is used to
obtain the ultimate load.
2.2.3 Yielding in both flanges
Referring to Fig. 4 the higher stressed flange of the idealized
section is assumed to carry a load Pl.
or
(2.14 )
solvingEq. (2.14) for 6 1;
( 2.15)
For the same reason) on the lower stressed flange
(2.;6)
Imposing the strain versus deflection equation (Eq. 2.8) the fo11ow-
ing equation is obtained.
(2. i1)
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Dividing both sides by a , the stress-curvature relation in dimen-y
sionless form can be expressed as;
Also, from Eq. (2.9)
4- rr'a. E (f-e)(>-;.r~y
(2. f 8)
(2. 19)
The graphical method is also used to get ultimate load in this case.
2.2.4 One flange totally yielded
The stress-deflection relation can be obtained as;
Combining the above equations
-lZ
A
"
(Z.ZO)
There is no initial out-of-straightness e in Eq. (Z.2b). This
shows that the stress-deflection curves of all the columns go along
one parabolic curve after one flange is totally yielded no matter
what the initial out-of-straightness of the column is. (1)
Z.3 H-shaped Column Bent About the Weak Axis
For weak axis bending~ the following cases are to be considered
(see Fig. 5):
(1) No yielding in any of the flanges.
(Z) Yielding on one side of the flange only.
(3) Yielding on both sides of the flanges.
2.3.1 No yielding in bpth flanges
, . , t
As ,discussed in subsection Z'. Z. 1, when the maximum fiber stress
still is within the proportional limit the residual stress does not
effect the' column. By the same approach as subsection Z'.2.l thes)ame
expression of ala versus f can be derived asy
d II ZE
-----:-_ = (1 _ e )
r;1y (L/r)Zd f
y
(Z.Zl)
-13
2.3.2' Flange tips on only one side yielded
Referring to Fig. 5b, the equations for axial thrust and moment
equi1ibrium~at the mid-he.ight of the' 'columns are as follows,:(3)
r~ b: =J [6r + E tf ( T - :x.)] d;.(.
XI
where p is the' total applied load from which
XI T :?"b-
Solving for Xl
2.cs'p b -+ Ed- b:.t
l:(~+4')
The momentM at the 'center of the column equals
0'
(2.22 )
;lL.,
+ r [( 0"'" +J_%
(2.23)
-14
from .which
( 2.24)
Substituting Eq. (2'.2"2)· int'o' Eq. (2.24), simplifying and dividing
each t'erm by cr , the load versus' curvature relation in non-dimen-y
s'iona1 form is: obtained as;
."
(2.25 )
•
Using the sam~a:pproach as' mentioned in subsection 2.2.1, the curva-
ture versus deflection equation is
(2.26 )
•
2'. J. J Flange. tips of both sides yielded
Referring to Fig. Sc axial equilibrium requires that at the
center of the' column the following equa.tion must be satisfied •
;t..,
"+ I [~t'> T ~ E if b - Ex, (4' + 4' ) + Eo 4>?L] oI.:L
"2.
-15
-;1/.2.
"- 5 [G'r"-E<f(;Z-tX>] c/"'-
-biz.
When integrated and simplified, this becomes:
•
(2.28)
Xl and X are related by geometry
2
.7l., ( t + 4> );: x z, (q. - 4' )
Solving. Eqs. (2.2.8) and "(2.29), we obtain;
(2.30)
7f. -j 4' + ~ [ " , ..:..E ]:z - 2 t (t _~) 'E" (2 Or +"2 E" if b ) - E- A.
Moment equilibrium at the center section requires that
,0
-16
or.
•
By the 'same proc"ess as the preceding case the" load versus de-
flection relation is
,(E'(H)(~6)2
~y (;t
(2. 32)
and also the deflection versus curvature relation" is"
(2.33)
-17
Both cas'es described in subsections 3.3.2 and 3.3.3 are too compli-
..
cated to find the ultimate load by direct differentiation. The graph-
ical method described in s'ection 2.4 is used.
To simplify the pr'ocess of obtaining the ultimate load of
columns, a graphical me,thodis, developed to' obtain, the solution.
The'method is illustrated below 'as used in obtaining the ultimate
load when the nrethod of directly differentiating the load versus
deflection equation is too complicated.
•
2.4 Graehical Method
In Eqs. (2.12),(2.18),(2.25)., and (2.32), the relationship
between al a , f, and E(/Jd/ a has' been presented under differentcas'es'y y
of stres's behavior. J~y using E0d/ a as the ordinate' and £ as abscissa,y
assuming different values of a/a, a set of curves can be drawn. ,Figures
, y
6, 7, 8, and 9 show the curves which represent Eqs. (2.12), (2.18),
(2.25) and (2.32) respectively. Residual stress on flange tip is
assumed to be 5 ksi compression and that on flange center as 5 ksi
(f - e)Since
tension and A36 steel (a = 36 ksi) is also as·sumed.y
2EEQjd = K __~
Y (L/r)2 y
.'
•
For a column of givetl slenderness ratio' and initial out-of-s'traight-
ness, the relationship between E0dlay versus f can be represented by
-18
2
a straight line with a slope. equal to kdJ~)lcr and passing through
y
the point (O,e). The intersections of the straight. line and the
curves (see Figs. 6 and 7) give a set of points which represent the'
cr/cry andf relation of this coltnnn for the case for which the: graph
is' drawn. Thus',. the strength versus deflection curve' can be" obtained
(when the'column is behaving.elastically thecr/cry'and f relation can
be' gottendire'ctly' from the cr/cr . andf equations). Figures 10 and 11y
showthecrl cr. . versus f curv¢s of 'columns bending about the strongy
axis with slenderness ratio 5,7 and 33 and initial out-of-straightness
varying rom 0 to 0.05.
Figures 7, 8, and 9 can be used also to find the required
slendernes's ratio for a certain value" of ultimate' load, that is" to get
the' column s·trength curves. For an initial out-of-straightness e', a
s'et of straight lines' all sta:J;ting at point (0 ,e) " each tangent· to
one curve, can be drawn as shown in Fig. 8. Since .the "slope" of each
s'traight line" S isa function of s"lenderness" ratio,
S
2K 7(',E
2'(L/r) cr"y
the" required slenderness ratio of the column which has" the 'same ulti-
mate strength as the strength represented by the 'curve tangential to
this: s"traight line can be determined immediately.
By applying the method mentioned above, the column curves for
columns with different initial out-of-straightness can be' obtained.
-19'
This is' shown in Figs. 12' and 13, in which Fig. 12 represents. the
column .curyes' for an idealized H-shaped column bending about. the'
strong axis and Fig. 13 for' those bending about the weak axis. For
columns bent. about the strong axis', Fig. 11 shows' that columns of
low slenderness ratios: and, columns of medium:' slenderness' ratios and
small initial out-of-straightness, the ultimate' strength is attaine'd
with both flanges yielded (Eq. Z.8).This means that the residual
'stress has. more influence than the' initial out-of-straightness. For
columns of higher slenderness: ratio or medium slenderness ratio with
large. initial out-of-straightness, ultimate strength is atilained with
only one flange yielded.
For H-shaped columns bending about the weak axis,only the case
'of the initially perfect column attains its ultimate strength with
the flange .tips. on both sides of the bending a.xis yielded (Eq. (2.30».
All columns with initial.out-of-straightness reach their ultimate loads
with the' tips. of the concave side' yielded.
Compared with the·n-section bent about the strong' axis', (see
Fig. 12)- the strength of a column b~nding.about the weak axis (see
Flg. 13), is approximate'ly: 15% less.
2.5 Hot-rolled Box-section
Due to the absence of any considerable residua'l stress in hot-
",
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rolled Box-sections made of A-36 steel~296.1) the effect of residual
stress upon coltunn strength is significantly small and may be neglected
for purposes of analysis.(5)
Coltunns without residual stresses and with initial out-of-
straightness may fail in either of two ways: (1) when the cross sec-
tion is still fully elastic (elastic case), or (2) when part of the
cross section is yielded (elastic-plastic case). Failure within the
elastic' range is a relatively simple problem and is discussed in section
2.5.1. When the coltunn fails beyond theela'stic' range, the fiber at the
concave side starts to yield and, the effective' area of the section is
reduced•. Due to this phenomenon, a column with initial geometric im-
perfection attains an ultimate strength less than that given by the
Euler's formula, except for very long coltunns where the ultimate strength
is alm:ost the same as predicted by Euler's formula~9)
To simplify the' theoretical analysis, an idealiz'ed Box-section
of very small t/b and tId ratios is assumed. ~herefore, the' fiber
stresses on either wall which is parallel to the bending axis can be
asstuned the same across the whole thickness of that wall. Also the area
of the cross-section can be represented simply, by
A = 2'(b + d)t.
The theoretical relationship between stress and deflection is
discussed as follows.
-21
2.5.1 In the elastic range
The load-deflection relation can be derived by applying the
conditions of static equilibrium of vertical forces and moments •. Re-
ferring to Fig. 14a, we have:
p=r~ dA=6'A
or
and
M = pu = rs' Au
o
or
(2.34)
_ 12 (b + d)
- 3b + d f (2.35)
curvature at mid-height of column
04: = 1 2 [_L (y - Yo)] x = L=d dx2
. 2
or
2
0~ = 1 2 (u = u )=d L2 0
in the elastic range
thus
E0,j, d = c1 - <5
't 1 2 =--- (f - e)(L/d)2
(2.36)
",
By eliminating 6 1 - IS" 2
the radius of gyration, r,
2 _ (3b + d) d2
r -12(b + d)
thus
-22
from,Kqs. (2.35) and (2.36) and substituting
into
or
ef = -~----=-:-----
1 - <r If) E (2.37)
•
when \).: = Euler's average stress, which is equal to
•
2.5.2 Boundary of elastic zone
Referring to li'ig. 14h when 6 1 =CY
side starts to yield.
'the ,extreme fibers at the concave
Thus E~d = cJ - 6" =y 2
2En
(L/d)2
(f - e) (2.38)
and =2c-
or °2=2tr-()y
From Eq. (2.3,7)
thus
e
= 2 (fE (1 - f) - (Jy
(2~39)
(2.40)
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substituting into Eq. (2.38)
e 12 (b .... d) -f2. 6'" - 2 (1-7) erE - 15"2: ( _~)-::.O
1 ~ 3b-fd
For the square Box-section b=d Eq. (2.4) becomes
thus
(2.4-1.)
(2.42.)
By Eqs. (2. 40) and (2.42), the boundary stres's and defle'ction of elas-
tic zone for a given column can be computed .
. 2.5.3 Elastic-plastic zone
Beyond the elastic boundary, the section start's to yield.
Columns with initial out-of-straightness reach ultimate strength within
this zone.
Referring to Fig. l4c, by the equilibrium' condition of external
and internal forces
~
j L! ECC:Y-€:'a..)r; (fr+€~)l;.t + 2Ea + 'l;;;y - 2-q.
..
..
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For the' square Box-section b=dwe get
E : -2E;a. ( f y -t ~d ) + (b'l<t._ b 4> 01 6Y-+ 84» cl ~ ) = 0
or
r _~ -+epd-jthdC&€v-g':£-+4d)~~_ y 'I ~
Applying moment equilibrium
bdt "E (f'l-t-~).z(3~d-26y-+2t,.)
E ( l:'I - 6 ~ ) • -2- + , 4>;).
For the square Box-section
(2.44 )
.Substituting ,E'q. (2.43) into Eq. (2.44) and changing the equations
into dimensionless form, we obtain
( 1- ~' ) ~ II E ePd _ 24 : f,2 oy Gf' r
-25
Since
.-
for square Box'-section, by using the graphical method a's described in
Section 2.4 for the elastic-plastic zone. ,A E~d v'S-. f diagram-was
y
drawn by Eq. (2.45) as shewn in Fig. 15. The load versus deflection
curve of-a' given column and column curves can be obtained. Figure 16
shows the column curves of square box-shaped columns with initial out-
of-straightn~ss e' ranging from 0 to 0.05 •
3. EXPERIMENTAL INVESTIGATION
The purpose of the research is to study the behavior of
columns made of hot-rolled structural tubing of A36 steel. Special
attention is given to the effect of initial out-of-straightness on
the strength of the column since it seems to be playing a major role
on the reduction of column strength.
The test program includes the test of ten columns with slen-
derness ratios varying from 30 to 100. Preliminary tests consist
of stub column tests, residual stress measurements and tensile cou-
pon tests. The details of the program are summarized in Table 1.
3.1 Preliminary Tests
3.1.1 Tensile coupon test
The dimensions of the tensile coupon were selected according
to ASTM standards; full thickness of material and 1-1/2 in. width
over an 8-in. gage length~5) A total of 88 tensile coupons were
tested in a 120 kip mechanical screw-type testing machine. The strain
was recorded and plotted automatically. Fig. 17 shows the typical
stress-strain relation for the coupons tested. The average values
of static yield stress, ultimate stress and Young's modulus are 37.8
ksi and 66.1 ksi and 29.7 ksi, respectively. The data obtained from
-26-
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the. tensile coupon tests give a check on the static yield level o·f
the material used for the sections and verify the assumption of ideal-
ized elastic-plastic stre·ss-strain relationship for longitudinal fibers.
3.1.2 Residual stress measurements
The "sectioning method,,(5) was adopted for the measurement of
residual stre.ss •. Residual stresses on the inside of the Box-section
were measured for pieces AA and EE (see Table 1). An indirect method
was used to find the residual stress distribution at the inside face
of the column. 'rhis indirect method for measuring the residual stresses
is explained as follows:
A piece of column 4'-3' length is prepared as shown in Fig.18a;
the· center portion of 11" is used for residual stress measurement •.:Be-
fore cutting, holes are drilled 10" apart and 1/2" from the adjoining ones
and numbers are marked beside the holes in sequence as shown in Fig. 18b.
·The specimen was cut into 2-L ·shape· pieces after the first Whittemore
gage readings (Fig. 18c). Then, additional gage holes· were laid out on
the inside face of the L-shapes (Fig. 18d) , corresponding to those holes
on the outside face. The second Whittemore gage readings on the inside
face were taken prior to· final cutting. the section into strips.
Figure 19 shows the typical residual stress distribution. It
shows only a slight variation in the magnitude of residual stresses
measured on the outside face and on the: inside face·. The· average residual
stress is always less than that on the outside face and the difference
•.
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between them is small, thus, for pie'ces other than pieces AA and EE
only the residual stresses on the outside face were measured. Figures
20b, 2lb, 22b, 23b and 24b show the magnitude and distribution of
residual stresses in the sections. The magnitudes of the residual
stresses varying from -10 ksi to -lOksi, but were more predominantely
within ~5 ksi. Due to the random type of the residual stress distri-
bution and their small magnitudes, the effect of residual stress to
column strength is significantly small and may be neglected. (5)
The measurement of residual stress on two different sections of
a column showed that there was no significant difference in the residual
stress distribution at different positions along the length of a column.
The measurement of residual stresses on one section at least b distant
from the. ends (where b is the largest dimension of the cross section)
as sufficient to represent the residual stress along the column.
3.1. 3 ,S.tub column tests
The setup of the stub column test is shown in Fig. 30. The
four gages were used for alignment. The alignment of the specimen wa'S
made at loads not exceeding one half of the expected yield stress level.
The a-lignment wa-s considered satisfactory if the deviation of any. of
the corner gage readings did not exceed 5% of the average value at
the maximum alignment load.
•-29
The stub-column test gives a stress-strain curve showing the
-effect of residual stress and also furnishes data about the propor-
tidnal limit, the static yield stress level, and the elastic and the-
elastic-plastic moduli. Those data are necessary for the prediction
of column strength.
Figures 25b, 269, 27b, 28b and 29b give the stress versus
strain diagrams for the different stub-column tests conducted. It
can he observed that the prop?rtional limit of the section approaches
its yield load. These results verify the presence of low residual
stresses in the section and its effect can be neglected for practical
purposes. (5)
3.2 Column Tests
A total of 10 full scale column tests were conducted (refer to
Table 1). All the columns except two were tested in an 800,000 lb.
screw-type-testing machine. Columns C7 and C8 were tested in a
5,000,000 lb. hydraulic-type machine.
The columns were tested with pinned-end supports. The -end
fixtures used were standard fixtures at Fritz Laboratory. (7)
•-30
3.2.1 Preparation of the column before testing(6)
The following preparations were made on the column before
testing .
. (1) The external dimensions of column were measured and
checked for variation within the acceptable tolerance
of 0.05 in.
(2) The column was whitewashed with hydrated lime. The
flaking of whitewash gives an indication of the extent
and location of yielding during the test.
(3) S.trip scales about 12 in. long were attached to column
at 1/4-points or 1(6 points. ~he initial out-of-
straightness of the column with respect to its neutral
axis was determined by the readings of the strip scales
by a theodolite. The scales were also read with a
theodolite during the testing to obtain a measurement of
lateral deflection along the length of the column. As
an added precaution, a short strip scale was attached to
the fixed crosshead of the testing .machine.to check
lateral movement of testing machine and a floor standard
was used to check any disturbances of the theodolite
setting.
Mid-height lateral deflection of the column was also mea-
sured by a 1/1000 in. dial gage fixed to the testing
••
•
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machine with its plunger attached with taut thin wire to
a small screw tapped-in at the centerline of the column
width. The setup of the strip scales and the dial gage
is shown in Figs. 31 and 32.
(4) Four .SR-4 gages were .attached at four corners at each end
and eight.SR-4 gages at the. mid-height level; 4 at cor-
ners and one at centerline of each face for the measuring
of strain during the testing.
(5) The rotation about the test axis was measured by a level
bar mounted on support brackets welded to the base plate
and the top plate of the column.
3~ 2. 2 Alignment
For the purpose of centralizing the load with respect to the
specimen during the column te'st the column was first centered geometri-
cally in the testing machine as the first position. Then, the column
was loaded in increments up to a load not exceeding about one-half
of the estimated maximum load. The alignment was based·on four cor-
ner gages at each end and at the mid-height. Alignments were made by
relative movement of column bases with respect to the base' fixtures ~7)
The column was considered satisfactorily aligned when the maximum
deviation of any of the four gage readings from the average -value did
not exceed 5% at each load level.
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3.2.3 Column test procedure
The testing of the column specimen was conducted a's follows:
'(1) Start the test with an initial load of about 30 kips.
(2) Record the readings of all SR:-4 gages, strip scales,
mid-height gage and level bars and measur~ 3 pair of
10 in. gage holes at mid-height of column with a Whitte-
more type mechanical strain gage.
(3) Plot the point in the load versus strain and load versus
deflection diagram of mid-height after each loading level.
The plots showed the value of prQportiona1 limit and
occurr~nce of the first yield.
,(4) Add the loading by an increment of 20 to 50 kips depending
upon the size of the test column and also the plot of
loading versus deflection curve. Within the proportional
1:i,mit loading can be applied with bigger increment but
when close to the ultimate loading increases ina' smaller
amount. Repeat step 3.
(5) Above the proportional limit, a load relaxation diagram
(as Fig. 33) was plotted for eac):1 load, B'e sure ,the ulti-
mate load of the column would be clearly defined in the
load-deflection diagram.
'(6) After ultimate load, continue loading until deflection is
judged too great to be able to test safely.
..
..
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3.2.4 Column test results
The results of the column tests are summarized in Table ,2.
F"igures 2sa, 26a, 27a, 28a, and 29 a' show the load-deflection rela'-
tionship,of the columns. The data given in Table 2 include slender-
ness ratio, initial out-of-straightness, experimental column strength
and estimated column strength by theoretical analysis of each of the
ten columns tested in this program. The initial out-of..straightness
ranged from a miniml,lm eccentricityratio,e, of 0 to a maximum 0.05.
Figures 20a, 2la, 22a, 23a and 24a" show the variation of the initial
out-of-straightness along the length of the columns .
It indicates that columns Cl, C2, C3, C4 and C8 obtained their
ultimate load at larger deflection than those of others. This verify
the theoretical analysis that the mid-height deflection at ultimate
load is a function of initial out-of-straightness and the slenderness'
ratio of column. "The larger the initial out-of-straightness and the
slenderness ratio, the larger the mid-height deflection when the ulti-
mate load is ~ttained.
It also shows columns with higher initial out-of-straightn~ss
'.....
and slenderness ratios (Columns Cl ,C2, 04 and C8), theclope of 'the
unloading curve is slight whereas for columns with small initial Ol,lt-
of-straightness the tate of drop in load is very pronounced after the
ultimate strength is attained. Due to this kind of column behavior,
column with small initial out-of-straightness, as columns Cs, C6, C9,
and CIO, attained their ultimate load suddenly and without any
••
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appreciable yielding of the cross section prior to attaining the ulti-
mate lead. Furthermore, the load drops very fast. Thus, it is very
hard to define clearly the ultimate load point. When the predicted
ultimate load is nearly reached, a close watch of the load and the
mid-height dial gage readings is necessary.
Figure 34 gives typical stress..,.strain curve at the mid-height
section of the extreme fibers and the fibers at the centerline. Part
of the stress-strain curve of the stub-column is also plotted. The
divergence of the stress-strain curves is due to the initial outllof-
.straightness of the column. If.the column was perfectly straight
and homogeneous, . the curves of the three· fibers would coincide ·up to
the point of bifurcation .
•"
•
4. CONCLUSIONS
Summarizing the test results and theoretical analysis, the
following conclusions are made:
1. From the practical measurement of residual stresses on
both inside and outside face of a B'ox-shaped column, it shows no
significant. variation of residual stress distribution across the
thickness up to thickness equal to 1/4 in .
. 2. It has been shown in TablE: 2 and Flg. 35 that the test
re-sults are in good agreement with the theoretical ultimate load
analysis based on a column with initial out-oi-straightness e,
varying from 0 to 0.05 and without considering residual stress.
~. There is no significant error introduced in the theoretical
analysis of the strength of columns if residual stresses of random
values and low magnitude are neglected. This is shown as the good
agreement between the theoretical predicted column strength and
experimental results.
4. From both theoretical.analysis and experimental investiga-
tion, it was shown that the initial out-of-straightness has a' morE:
pronounced influence on column strength for columns with medium. slen-
derness ratio than for short and long columns •
5. In Fig. 35 when considering the initial out-of-straightness
of the column e, to be 0.05, the CRC Basic.Column Curve and the theore-
tical curVe arE: approxim.ately the same for t/r greater than 80. There-
-35-
fore, for columns with initial out-of-straightness less than 0.05,
the CRC Basic Column Curve is applicable for longer columns, while
for short columns with initial out-of-straightness bigger than 0.03
the theoretical column curves are more conservative.
6. Comparing Fig. 35 with Fig. 12, it shows that the rolled
Box-shape column of high L/r has higher strength than that of rolled
H-section of the same L/r. But for short columns they are nearly the
same. Therefore,to use the CRC formula for the H-section for the
Box-shape column design is on the safe side.
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5. NOMENCLATURE
C'ross-section area of column
Twice flange thickness
Flange width or width of Box-section
Depth of H-section or Box-section
Young's modulus
Dimensionless initial lateral deflection of column at mid-
'height before loading, u/u /d or u /b
• o· 0
Dimensionless tota"l lateral deflection of column at midJ,-
height after loading u/d or u/b
Moment of inertia
Total length of a pin-ended column
.Slenderness ratio'
Moment
Moment at mid-height of column.
Column load, A
·Radius of gyration in the plane of bending
Flange thickness
Initial later;:tl deflection of. column at mid-height before
loading
Total lateral deflection of column at miq-height after loading
Distance from the center of the cross-section to the beginning
of yielded area
Compressive strain in concave flange at mid-height of column
Compressive or tensile strain in convex flange at mid-height
of column
Ey Strain corresponding to yield point
-3:7-
f«
•
.•
a Average cross-sectional stress of column at mid-height
al .Average stress in concave flange at mid-height of column
a2 Average stress in convex flange at mid-height of column
ap Proportional limit stress
aE. Eu:ler buckling stress
arc Residual stress at flange.edges
a
ro
Residual stress at flange centers
a Yield stress level; average stress in plastic range
y
'!r Rate of resid\lal stress variation
~·Curvatu~e at mid-height of column at mid-point of column
-38
•6·~ TABLES AND FIGURES
-39-
•-40
PIECE COL. L
. SPECIMENS
DESIGN CROSS· SECTION LENGTH NO.
.....,
r
AA 3 1/2 x3 1/2 36' 4" 1 80 8' 6" column
x 5/16 2 100 10' 8" column
coupons (4 sets)
res. stress (2 sets)
stub column
BB. 3 1/2 x 3 1/2 36' 3" Coupons (2 sets)
x 5/32 res. stress
CC 4 x 4 x 3/16 39' 8" 3 67.6 8' 8" column
4 11' 7'" column
coupons (4 sets)
res. stres's
stub column
DD 6 x 6 x 1/4 39' 5" 5 32 6' 2" column
6 51 9'· 10" column
coupons (4 sets)
res. stress
stub column
-
EE 10 x 10 x 1/2 2' of 7 60 19' 0'" column
42' 0" 8 90 28' 6" column
coupons' (4 sets)
res. stress (3 sets)
stub column .(2. sets)
FF 10 xlO x 1/4 12' 0" coupons (2 sets)
res. stress
, ~ .. A
.' • v
, . ..
1/4 36' 6" 9 50 6' 7" columnGG 6 x 4 x
10 80 10' 7" column
coupons (4 sets)
"
res. stre.ss
..' stub column
TABLE 1. HOLLOW STRUCTURAL TUBING
SCHEDULE OF SPECIMENS
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(1) (2) (3) (4) (5) (6) (7)
COLUMN .-- .. Lite pip P/Py p!p (6) - (4)e
EXPER1MEN- THEOR£TI- %NUMBER INITIAL :SLENDERNES~ CRC (6) . I
OUT OF RATIO TAL BASIC CAL
STRAIGHT- RRE~ULTS COLUMN ANALYSIS ERROR
NESS CURVE.
C1 0.034 ·80 0.80 0.80 0.82 i.25
C2 .. 0.046 100 0.67 0.69 0.68 1.45
C3 0.020 . 67.6 0.87 0.86 0.91 4.39
C4 O.O~O 90 0.75 0.75 0.84 10.70
CS 0 32 ·0.94 0.97 1 6.00
; .
C6 0 51 0.95 0.92 1 5.00
C7 0 60 1.00 0.89 1 0
C8 0.022 90 0.92 0.75 0.84 9.52
C9 0 50 0.99 0.93 1 1.00
C10 0.010 80 0.94 0.81 0.93 1.07
•
TABLE 2. COMPARISON OF COLUMN STRENGTH BETWEEN
THEORETICAL ANALYSIS AND EXP~RlMENTAL
RESULTS FOR ROLLED BOX-.SHAPED COLUMNS
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FIG. 31 INSTRUMENTATION OF COLUMN TEST
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